We measured the Mg2+-dependent absorption spectra, emission spectra, quantum yields, and intensity decays of most presently available fluorescent magnesium probes. The lifetimes were found to be strongly Mg 2+ dependent for Mag-quin-1, Mag-quin-2, magnesium green, and magnesium orange and increased 2-to 10-fold upon binding of Mg >. The lifetimes of Mag-fura-2, Mag-fura-5, Mag-fura red, and Mag-indo-1 were similar in the presence and absence of Mg 2+. Detailed timeresolved measurements were carried out for Mag-quin-2 and magnesium green using phase-modulation fluorometry. Apparent dissociation constants (Ks) were determined from the steady-state and time-resolved data. Their values were compared and discussed. Mg 2+ sensing is described using phase and modulation data measured at a single modulation frequency, Phase angle and modulation data showed the possibility of obtaining a wider Mg2+-sensitive range than available from intensity measurements. A significant expansion in the Mg2+-sensitive range was found for Mag-quin-2 using excitation wavelengths from 343 to 375 rim, where the apparent K d from the phase angle was found to vary from 0.3 to about 100 mM. Discrimination against Ca 2 § was also measured for Mag-quin-2 and magnesium green. Significant phototransformation and/or photodecomposition, which affect the sensitivity to Mg 2+, were observed for Mag-quin-2 and magnesium green under intense and long illumination.
INTRODUCTION
Measurements of intracellular Mg > concentrations are of considerable interest in biochemistry and cell physiology because of the role of ionized magnesium in the regulation of cell functionO,2). Magnesium has been implicated in hypertension, cardiovascular disease, growth regulation, and cell cycle control, and Mg2+-ATP acts as a cofactor in many enzymes. Processes involved They have been developed based on chemical procedures for calcium probes 01.12) and using magnesium-selective chelator APTRA3. (8,13~ The names of magnesium probes are the same as for respective calcium probes with the prefix "mag." The spectral responses to Mg 2+ of mag-fura-2, (~3) mag-indo-1, <~4) mag-quin-1, and magquirt-2 are similar to their calcium precursors.(11.12) They require UV excitation in the range of 330-370 nm. These wavelengths are undesirable due to the simultaneous excitation of autofluorescence from unknown eellular fluorophores and known species such as NADH, the poor transmission of these wavelengths through microscope optics, and expense and complexity of UV laser sources. To circumvent these difficulties, a new magnesium probe magnesium green (MgG) has been developed by conjugation of APTRA to fluorescein derivatives through an amide linker (Fig. 1) . The conjugation approach is chemically easier and allows synthesis of long-wavelength excitation and emission probes with good quantum yields. MgG and MgO absorb visible wavelengths with a maximum at 506 and 550 nm, respectively, exhibit a Mg>-dependent spectral response as a result of photoinduced electron transfer (PET) between the ion binding site and the attached fluorophore. 05J6) Very recently, new magnesium probes were synthesized in a similar way as MgG and MgO, using an APTRA chelator and based on PET mechanism, also with long excitation wavelengths, o7) A disadvantage of conjugated probes is lack of spectral shifts in either the excitation or the emission spectra upon ion binding. (1~-17) Therefore, these probes cannot be used with quantitative wavelength-ratiometric methods as used widely with calcium probes like fura-2 (excitation ratio) and indo-1 (emission ratio).
In the present paper we demonstrate magnesium sensing based on the magnesium-sensitive fluorescence lifetime of mag-quin-2 and MgG. Lifetime-based sensing does not require spectral shifts and is mostly independent of probe concentration. (18) It is known that the intensity decays of fluorophores are often complex, especially in the presence of two or more species, e.g., in the case the free and Mg2+-bound forms of the magnesium probes. Fortunately, analyte sensing (here Mg 2 § does not require resolution of the multiexponential intensity decay of the probe. A single modulation frequency can be used to obtain the analyte concentration with phase-modulation fluorometry. (ls,19) Probes which display a spectral shift (absorption or emission) combined with phase-modulation fluorometry provide a unique capability of expanding the sensitive range over a wide range of analyte concentrations. (2~ Not all available magnesium probes can be used with lifetimebased sensing. The most widely used magnesium fluorescent probe like mag-fura-2 (22) (23) (24) (25) (26) (27) (28) (29) and the lesser used mag-indo-1 <24~ do not show useful changes in lifetime upon magnesium binding. These results are somewhat surprising compared to their respective calcium analogues. (21,3~ We also found no lifetime change upon Mg > binding for mag-fura-5 and mag-fura-red. Magfura-5 was recently evaluated as an excitation wavelength ratiometric magnesium probe. (3~) The others probes (mag-quin-1, mag-quin-2, magnesium green, and magnesium orange) display increased lifetimes on Mg 2+ binding and can thus be used for lifetime-based sensing and imaging of Mg >. A promising lifetime probe is magnesium orange (MgO), which structurally is similar to MgG but contains a more photostable rhodamine derivative instead of fluorescein.02) In the present paper we focused on mag-quin-2 and magnesium green.
The intensity decays were also fit to a global model in which the decay times were assumed to be independent of Mg > concentration (K), but the values % to reflect changes in the fractional amounts of each species. In this case the intensity decay of each Mg > concentration is given by i=!
MATERIALS AND METHODS
The magnesium probes were obtained from Molecular Probes, Eugene, Oregon. Their chemical structures are shown in Fig. 1 . The structures for MgO and magfura-red have not been published yet. Mg 2+ and Ca 2+ concentrations were obtained using magnesium (115 mM KCI, 20 mM NaC1, 10 mM Tris, pH 7.05, and MgC12 from 0 to 35 raM) and calcium [100 mM KC1, 10 mM MOPS, pH 7.2, and 10 mM (EGTA + CaEGTA)] Calibration Buffer Kits also from Molecular Probes. The samples were freshly prepared before each measurement and measurements were performed at room temperature (20~ Absorption spectra were measured using a Perkin-Elmer Lamb& 6 UV/vis spectrophotometer. Fluorescence spectra and quantum yields were obtained with a SLM 8000 photon counting spectrofluorometer. The quantum yields were calculated by comparing the integrals of corrected emission spectra of the Mg>-bound and anion free forms with the emission from mag-fura-2, Mg>-bound form, for which the quantum yield was taken as 0.30. (u) Fluorescence intensity decays were measured with frequency-domain instrumentation described in Ref. 33 . The light source was the cavitydumped and frequency-doubled output of pyridine 2 dye laser (pulse repetition rate, 3.795 MHz) from 343 to 375 nm for excitation of mag-quin-2 or the output of a argon ion mode-locked laser (pulse repetition rate, 75.9 MHz) with 514 nm for excitation of magnesium green. The emission was observed through long-wave pass filters, above 445 nm for mag-quin-2 and above 530 nm for MgG. The frequency-domain data were used to determine the intensity decay law using the multiexponential model r I(t) = 2_, oL, e -~''
(1)
where ai are the preexponential factors, r, are the decay times, and n is the number of exponential components. The mean decay time is given by = %'r~/,~__~ %'r/
J where the subscript k indicates the Mg > concentration. All magnesium concentrations refer to free magnesium. For the intensity decay measurements we used magic angle conditions to eliminate the effects of Brownian rotation.
In phase-modulation fluorometry, the sample is excited with an intensity-modulated light source. The emission is delayed in time relative to the modulated excitation. At each circular modulation frequency (co = 2zrf) this delay is described as the phase shift (0~), which increases from 0 to 900 with increasing modulation frequency (co in radiards). The finite time response of the sample also results in demodulation of the emission by a factor m~, which decreases from 1.0 to 0.0 with increasing modulation frequency. The phase angle (0o,) and the modulation (m~) are separate measurements, each of which are related to the intensity decay parameters, c~ and ~, and modulation frequency co by The values c~ and r~ are determined by minimization of the goodness-of-fit parameter
where the subscript c indicates calculated values of the phase and modulation for assumed values of c~ i and ~, u is the number of degrees of freedom, and 84} and 8m are the experimental uncertainties of the measured phase and modulation values. The sum can extend over a single set of data (co) or over multiple data for both different frequencies (co) and magnesium concentrations (k). For the latter global analysis, we assumed that the values of were global, i.e., were the same at all magnesium concentrations. 
Absorption and Emission Spectra
Absorption and emission spectra of mag-quin-2 with various magnesium concentrations are shown in Fig. 2 . The absorption spectra of the free and Mg 2+-bound forms of mag-quin-2 show a spectral shift with an isobestic point at 340 nm. Binding of Mg 2+ to magquin-2 results in a strong enhancement of its fluorescence, over 20-fold. The Mg-dependent emission spectra of mag-quin-2 in the absence (0 mM) and presence of magnesium (Fig. 2, 35 raM) reflect the relative quantum yields of the free and Mg>-bound forms, respectively, because excitation (339 ran) was close to the isobestic point. The relative emission spectra of mag-quin-2 depend strongly on excitation wavelength since the ab- sorption spectra of the free anion and Mg2+-bound forms are shifted. There are no reports of practical applications of mag-quin-2. It is likely that mag-quin-2 cannot be regarded as a good excitation ratiometric probe, similar to the calcium analogue quin-2. (34) The fluorescence intensity of quin-2 drops off sharply at excitation wavelengths longer than 360 nm due to a low extinction coefficient for the Ca2+-bound form and the low quantum yield of the free anion. It is experimentally difficult to separate excitation wavelengths of 360 from 340 nm by the bandpass filter and dichroic mirror system for excitation ratiometric measurements. Using excitation wavelength shorter than 340 nm will require expensive quartz microscope optics. Nevertheless, excitation ofmag-quin-2 with longer wavelengths has important advantageous if lifetime-based measurements are used (see next section). Figure 3 shows the absorption and emission spectra of magnesium green. The MgG responds to magnesium in a similar way as the calcium Color Series (calcium green, calcium orange, and calcium Crimson) responds to Ca2+, (19) with a significantly increased quantum yield on Mg 2 § binding. There is no spectral shift upon Mg 2 § binding in either the absorption or the emission spectra. Moreover, Mg 2+ binding does not affect the long-wavelength absorption spectrum. The relative intensity of the Mg2+-bound form of MgG is about 10-fold higher than its free anion due to its higher quantum yield. Absorption and emission spectra of MgO (not shown) are shifted about 45 nm toward longer wavelengths compared to those of MgG. The fluorescence intensity of MgO increases 2.65-fold upon Mg 2 § binding without a spectral shift. An important feature of these new con- jugated probes is the possibility with visible excitation wavelengths, which reduces autofluorescence and is much less harmful for cells than UV excitation. A disadvantage for quantitative steady-state measurements is the lack of ratiometric capabilities. However, MgG and MgO can be successfully used with the lifetime-based measurements (below).
Frequency-Domain Intensity Decays
We measured the frequency responses of mag-quin-2 and MgG at various magnesium concentrations from 0 to 35 raM. The excitation wavelength was 343 nm for mag-quin-2 and 514 nm for MgG, Their frequency-domain intensity decays are shown in Figs Fig. 4) . Excellent changes in phase and modulation (more than 40 ~ and 40%) were also observed for MgG (Fig. 5 ). Somewhat smaller but still substantial changes (about 26 ~ and 28%; not shown) in phase and modulation was observed for MgO. These results indicate that mag-quin-2, MgG, and MgO with a single excitation wavelength and a single modulation frequency, can be used for fluorescence lifetime-based sensing and imaging of Mg 2 § It should be noted that the magnesium sensitive range of the phase angle and modulation is dependent on the modulation frequency because of strong heterogeneity of intensity decays (Figs. 4 and 5) . The choice of modulation frequency may depend on the needs of the experiment. Usually, there is a wide range of useful modulation frequencies. For instance, modulation frequencies from about 30 to 1000 MHz will give substantial changes in phase angle and modulation in response to Mg 2+ for mag-quin-2 and MgG (Figs. 4 and 5). However, modulation frequencies higher than 300 MHz will require more expensive high-speed detectors (e.g., MCP-PMT) for efficient detection of the modulated emission.
The fluorescence intensity decays of mag-quin-2 ( Fig. 4) and MgG (Fig. 5) were found to be multiexponential. Acceptable fits could be obtained with three decay times at all magnesium concentrations. We used global multiexponential intensity decay analysis [Eq. (3)] to determine the multiexponential decay times and changes of the amplitudes with various magnesium concentrations. The results of this global analysis are summarized in Fig. 6 . Three decay times were found for both probes and the decay times appeared to be independent of Mg 2+ concentration. However, the amplitudes are strongly dependent on the magnesium concentration (Fig. 6) . The component which is evidently associated with the magnesium free form is described as ~' F and that associated with bound form as %. The amplitude of the third component, %, is less sensitive to magnesium. In the case of mag-quin-2 this value (%) is low and almost insensitive to magnesium. A form of mag-quin-2 and MgG less sensitive to magnesium may be explained by the partially protonated forms of the magnesium probes (lower affinity to Mg2+), which has been suggested in case of mag-indo-1. (14) However, the pK a of magnesium probes near 5 argues against a protonated form, so that the origin of the Mg2+-insensitive form is not clear.
The plots of the Mg2+-dependent multiexponential analysis (~i vs [Mg2+]) can be regarded as very detailed calibration curves. But in practice, they may not be available. Calculation of the multiexponential parameter values in Fig. 6 requires multifrequency measurements and least-squares data analysis. (33,3s,36) For lifetime imaging one expects to obtain data using a single light modulation frequency because multifrequency lifetime imaging is presently instrumentally complex and time consuming. Regardless of the complex intensity decays one can see from Figs. 4 and 5 that there is available a wide range of modulation frequencies which can be used for phase angle-or/and modulation-based sensing. Figure 7 shows that both probes display excellent phase angle and modulation changes in response to Mg 2. in an optimal range for physiological levels of Mg 2+ (from about 0.1 to about 5 raM). The apparent dissociation constants from modulation and phase angle are 0.07 and 0.30 mM for mag-quin-2 and 0.11 and 0.45 for MgG, respectively. Theoretically, measurements of Mg 2+ concentrations from about 0.007 to 4.5 mM are possible with the phase-modulation method. However, the presence of Ca 2+ in cytosol may significantly affect the accuracy of the Mg 2+ determinations (see next section), The large changes in phase angle (42 ~ for MgG and 63 ~ for mag-quin-2) and modulation (42 and 62%, respectively) result from the large difference between the lifetime of the free anion and Mg2+-bound forms (see (Quantum yields vs the Mg2+-bound form of mag-fura-2; 0.30 [13] , quantum yields for MgO were determined relative to CaZ+-bound forms of calcium orange, 0.33 [15] for mag-fura-red relative to 0.53 for calcium crimson [15] . UMean lifetime, see Eq. (2). 6). The lifetimes observed for MgG and mag-quin-2 are in the range of their calcium analogues, calcium green (19) and quin-2, (37) respectively. Almost no changes in lifetime was observed for mag-fura-2 and mag-indo-1 (Table I), whereas the calcium probes fura-2 (21) and indo-1(3~ displayed quite sufficient changes for phase angle and modulation calcium imaging. We have also investigated mag-quin-1 in terms of phase and modulation sensing. Its lifetime and quantum yield increases significantly upon magnesium binding (see Table I ). The detailed data for mag-quin-1 are not presented because the spectral changes are similar to those of mag-quin-2 but the quantum yield is significantly lower. Therefore, for biological applications, the better choice is mag-quin-2.
It is important to note that the analyte sensitive ranges obtained with phase angle and modulation measurements are different than those determined from fluorescence intensity or absorption. The analyte--sensitive range based on intensity measurements is accurately predicted from the value of the dissociation constant, KD. The dynamic range of the probe is determined by the magnitude of the changes from minimum to maximum of intensity or from minimum to maximum of intensity ratio for wavelength-ratiometric probes. The plot of intensity values versus analyte concentration (logarithmic scale) is usually sigmoidal with the midpoint related to analyte concentration equal K d. Typically, Mg 2+ concentrations can be determined within a 10-fold range above and below the K d.
The changes in phase angle and modulation in response to Mg 2+ concentration were approximately sigmoidal (Fig. 7) . The minimum and maximum values of the phase angle (reversed for modulation) are related to the decay times for free probe and analyte bound, respectively. However, the analyte sensitive concentration range is usually shifted compared to that from intensity measurements. In general, the magnitude of shift depends on the mean lifetime of the free and analyte-bound forms of the probe3 ~s~ If the mean lifetime of the bound form is larger than that of the free, the analyte sensitive range measured by phase angle and modulation is shifted toward lower analyte concentrations. (is) In practical applications, it is useful to introduce an apparent dissociation constant which is not equal to the concentration of analyte where there are equal amounts of the free and analyte bound forms of the probe. The apparent dissociation constants for mag-quin-2 and MgG were calculated using plots of log [(X -Xmin)/(Xma x -X)] vs log [Ca 2+] (Hill plot), where X refers to phase angle (0) or modulation (m). The apparent dissociation constants (Table II) are equal to the Mg 2+ concentration at the zero intercept of the Hill plots using the phase angle or modulation as the measurable parameter X. The apparent dissociation constant is an important and helpful parameter from the point of view of lifetime-based sensing. It describes the analyte sensitive concentration range associated with the measurable parameter (phase angle or modulation). Its value defines the midpoint in similar manner as for intensity measurements.
The lifetime does not depend on the total fluorescence intensity (probe concentration) but reflects the fractional contribution of the free anion and Mg2+-bound probe to the total intensity. The mean lifetime depends on the fractional contribution of each component and can M92+ (raM Fig. 8 . Excitation wavelength-and Mg2+-dependent phase angles for mag-quin-2.
be calculated using Eq. (2). The fractional intensity contribution in case of an absorption spectral shift will depend on the excitation wavelength. Excitation at wavelengths longer than the isobestic point for magquin-2 will result in an increased contribution from the free anion (or decreased from Mg2+-bound) to the total fluorescence intensity. In this case the apparent dissociation constant for phase angle and modulation will have a higher value which allows measurement of higher magnesium concentrations. The highest apparent dissociation constant is limited by the relative fluorescence signals from the free and Mg2+-bound forms of the probe.
The effect of excitation wavelength for mag-quin-2 at various Mg z+ concentrations are shown in Fig. 8 for the phase angle measurements at 72.11 MHz. The sensitive range of Mg 2+ concentration is extended from about 0.03 (excitation at 343 nm) to more than 100 mM (excitation at 360-370 nm). The apparent dissociation constants for phase angle and modulation for mag-quin-2 at excitation wavelengths from 343 to 370 nm are summarized in Table II . Assuming a range that measurable analyte ranges from 0.1 to 10 of the KI value, the phase-modulation method using mag-quin-2 allows measurement over almost five decades of Mg 2+ concentration, i.e., from about 0.01 to about 1000 mM. From intensity measurements we can expect only two decades of Mg 2+ concentration. The differences between the K d values determined from intensity measurements shown in Table II are likely a result of sensitivity to temperature, ionic strength, and pH of magnesium probes.( 31, 38~ Additionally, the phase angle and modulation are usually measured simultaneously, and the combined data will give more accurate measurements of the Mg 2+ concentration. The apparent K a value of the mag-quin-2 can be selected to match needs of the cell biology experiment simply by changing the excitation wavelength. For instance, excitation at a shorter wavelength can be used to measure lower Mg 2+ concentrations in one region of a cell, and a longer wavelength can be used to measure higher Mg 2+ concentrations in another region of the cell. Another advantage of phase-modulation method is the high Mg 2+ sensitivity, which is important factor since physiological changes in Mg 2+ concentration are relatively small, (13, 27, 31) which require the most sensitive part of the calibration curve be close to the apparent K d.
An important characteristic of the phase angle data presented in Fig. 8 is that higher excitation wavelengths may allow a calibration of mag-quin-2 under the experiments with living cells without use of ionophores. Intracellular Mg 2+ concentrations are not expected to be higher than about 20 mM. For excitation at wavelengths above 375 um the phase angle of mag-quin-2 (72.11 MHz) will change insignificantly and will yield the phase angle for the free form (Fig. 8) . If one assumes that the total phase angle change remains constant in the control buffer and in the cell, than a phase angle measurement at other excitation wavelengths can be used with the data in Fig. to determine the Mg 2+ concentration.
The nonratiometric probes, like MgG and MgO, do not allow changes in the apparent dissociation constants by selection of the excitation wavelength. However, the apparent dissociation constant can be changed slightly by selection of the modulation frequency. For example at modulation frequencies of 75.9 and 759 MHz (see Fig. 5 ), the apparent dissociation constants from phase angle can be estimated to be 0.27 and 0.68 raM, respectively. The apparent dissociation constants for MgG for three selected modulation frequencies are in Table II . This shift toward higher apparent Ka values with higher modulation frequencies occurs because at higher modulation frequencies the shorter decay times contribute more to the phase angle and modulation measurements [Eqs. (4) and (5)]. Importantly, lifetime measurements of MgG allows Mg 2+ measurements with visible excitation wavelengths, which is very convenient to avoid excitation of cellular endogenous fluorophores and reduced autofluorescence. Visible excitation also reduces the cell photodamage.
Photobleaching of mag-quin-2 and Magnesium Green
Commonly, photobleaching is regarded as a reduced fluorescence intensity due to the reduced concentration of molecules under strong excitation. This process frequently occurs under microscopy illumination. While we refer to the process as photobleaching, we mean by the term both loss of the probe and phototransformation of the probe to new fluorescent species. In cuvette measurements, photobleaching processes can be avoided or significantly reduced by sample stirring or/and defoeused excitation.
To evaluate the effects of intense illumination we measured the intensity decays of fresh samples with lowintensity excitation and after exposing the sample to the strong and focused excitation for several minutes to mimic the conditions in a microscope. The 343-nm excitation for mag-quin-2 and 514-nm excitation for MgG were focused into a small volume cuvette containing mag-quin-2 or MgG, respectively. Since the photobleaching processes are excitation intensity and time duration dependent, the present data should be regarded as one of many possible cases. The goal of these measurements was to reveal the presence of photoprocesses and their possible effect on the Mg 2+ measurements.
To facilitate the comparison of intensity decays before and after intense illumination we used a multiexponential global analysis. The multiexponential model is sufficiently versatile, compared to the experimental resolution, so that the photobleaching data could be analyzed using either variable decay times or amplitudes. In the global analysis we assumed that the decay times were the same before and after illumination, and the respective amplitudes or fractional intensities changed in response to photobleaching. Similar experiments and analysis have been recently reported for calcium probes, quin-2 (39~ and fura-2. (21~ We note that it is likely that one or more of the decay times could change in response to photobleaching. We used a two-or three-decay time model for MgG and mag-quin-2, respectively, to fit the frequency-domain data.
The effect of photobleaching was investigated for the free anion and Mg2+-bound forms separately. The detailed intensity decays analysis for mag-quin-2 and MgG are summarized in Table III . By examining the changes of amplitude (c~i) or fractional intensity (~), the photobleaching processes for mag-quin-2 and MgG seem to be complex and cannot be explained by creating only nonfluorescent molecules. If the Mg 2+ probes simply bleached to nonfluorescent forms there would be no change in the intensity decay. A detailed discussion of each case is beyond the scope of the present paper, and would require more experimental work, and the results are likely to be dependent on the precise experimental conditions. Also, the effects of illumination are likely to be different in the presence or .absence of intracellular components, as well as molecular oxygen/41)
The most evident case is the behavior of Mg 2+-bound form of mag-quin-2; the nonphotobleached sample display an almost single-exponential decay (% = 0.956), whereas the photobleached sample display a significant fraction of the short component (0.39 ns), which can be associated with the free form (see Fig. 6 ). The steady-state intensity decreased significantly (I/Io = 0.35, where/To and I are the intensities before and after illumination, respectively), which can be interpreted as an effect of nonfluorescent probe molecules (photobleached). The intensity decay data for the same photobleached sample of mag-quin-2 indicate that the decreased total intensity is a result of the processes of phototransformation and photodecomposition. The excited Mg2+-bound form is partially decomposed to fluorescent form (s) with shorter lifetime (s) and, possibly, to the excited state free anion. It has been reported that partially bleached fura-2 solutions also contain fluorescent and less calcium-sensitive form(s), which affects the relative excitation spectra (4~ and intensity decays.( 21~ The small decrease in mean lifetime, from 8.56 to 8.09 ns (Table II) , and much greater decrease in intensity (I/Io = 0.35) confirm that a significant amount of the probe is simply photobleached, that is, becomes nonfluorescent.
From the practical point of view, the most important factor is the effect of intense illumination on the calibration curve of the probe. The rate of photobleaching of the free and bound form may be different, which will result in excitation intensity and time duration-dependent apparent dissociation constants measured by steady-state or time-resolved methods. The calibration curve may be shifted toward lower or higher analyte concentrations range compared to those observed without photo effects. The photodecomposition may lead to an equilibrium which does not reflect the ground-state equilibrium of the probe prior to phototransformation. The effect of intense illumination on the phase angle and modulation for free anion and Mg2+-bound form of magquin-2 is presented in Fig. 9 . Opposite changes in phase angle and modulation are observed for the free anion and Mg2+-bound of the photobleached samples relative to nonphotobleached. This result indicates a decreased dynamic range for Mg 2+. However, the apparent dissociation constants from phase angle and modulation may not be affected as much as the dissociation constant from intensity measurements. This is because, for low concentrations of Mg 2+, the phase angle of the photobleached probe will be higher and for high Mg 2+ concentration lower than those of nonphotobleached probe. As a result the midpoint (apparent dissociation constant) will not be significantly shifted. 
MgWCa 2+ Sensitivity of mag-quin-2 and Magnesium Green
One of the most important parameters besides magnesium sensitivity is discrimination against calcium. It has been shown that binding of Ca 2 § leads to changes in the fluorescence spectra of mag-fura-2, which are nearly identical to those resulting from Mg 2+ binding.(13) A detailed discussion of Ca 2+ interference on Mg 2+ using mag-fura-2 are reported elsewhere542) We also studied Ca 2+ binding to mag-quin-2 and MgG using phase-modulation fluorometry. The intensity decay of MgG in the presence of Ca 2+ can be described by similar decay times as in the presence of Mg 2+. For mag-quin-2 the intensity decays in the presence of Ca 2+ were more complex than in the presence of Mg 2+. The amplitudes and decay times cannot be correlated with the Ca 2+ concentration as has been shown for Mg 2+ (Fig. 6) . The mean lifetime increased from 0.92 ns (no Ca 2+) to only 2.47 ns (1.35/xM free Ca2+), and for higher Ca 2+ concentrations the value of mean lifetime decreased to about of 1.8 ns. However, the absorption spectra indicated the only Ca2+-bound form for the ground state of mag-quin-2 (40 /aM free Ca2+). The intensity decays ofmag-quin-2 with increased Ca 2+ concentrations suggest that the Ca2+-bound form undergoes a fast excited-state reaction with possible dissociation of the Ca 2+. In the presence of phototransformation the intensity decays are nonexponential and the expected lifetimes of free and Ca2+-bound forms drift with time. In this case it is difficult resolve the decay times of both forms using the multiexponential model. The Ca2+-dependent phase angles and modulations for mag-quin-2 and MgG are shown in Fig. 10 . The differences for mag-quin-2 in the presence of Mg 2+ (Fig. 7) and Ca 2+ (Fig. 10 ) and the similar behavior for MgG can be explained by the different magnesium chelators used to create these probes. In mag-quin-2 the chelator is EDTA and in MgG it is APTRA (see Fig. 1 ). It is important to notice that the different phase-modulation measurements of mag-quin-2 for Mg 2+ and Ca 2+ is an advantage over the intensity measurements, which are similar for these ions.
If Ca 2+ and Mg 2+ ions produce essentially identical changes in the measured parameter of the magnesium probe, the changes correspond to an average of [Mg 2+] and [Ca 2+] concentrations weighted by their respective apparent dissociation constants. Assuming that both ions are in equilibrium with the probe, the magnesium concentration can be determined from (7)
where X is a measured parameter (intensity, absorbance, mean lifetime, phase angle, or modulation), and K;(Mg) and K~(Ca) are apparent dissociation constants obtained using parameter X. The correction factors K~(Mg)/K~(Ca) (see data in Figs. 7 and 10) are 75 and 304 for mag-quin-2 and 375 and 306 for MgG, using phase angle and modulation measurements, respectively. These values are comparable with those that can be estimated from the respective Ko's of other magnesium probes (mag-fura-red, MgO, and mag-fura-5) presented in Table II . About two-to three fold lower values can be calculated for mag-fura-2 and mag-indo-1 (Table II) . The substantial calcium affinity of the magnesium probes is a complicating factor in Mg 2+ measurements since the ratio of these divalent cations in cytosolic concentrations ([Mg2+]/[Ca2+]) can be estimated from about 2000 to 10000. It is very likely that measurements of Mg 2+ in cytosol will be affected by the Ca 2+ concentration. However, examining Fig. 9 we can conclude that Ca 2+ concentrations below 1/xM will have almost no effect on measurements of Mg 2+ using the phase angle of mag-quin-2 (excitation 343 nm). Phase angles of MgG also allow magnesium measurements without corrections if the free Ca 2+ concentration in cytosol does not exceed about 100 nM. The modulation data are somewhat more sensitive at low Ca 2+ concentrations and will require corrections using Eq. (7). Fortunately, there are calcium analogues for mag-quin-2, quin-2; and for MgG, calcium green, which can be used to measure calcium concentration, without the need to change the instrumental configuration (excitation and emission wavelengths as well as modulation frequency).
SUMMARY
Since many questions about magnesium transport remain to be answered, the availability of new fluorescent probes and new methods should greatly enhance our knowledge of intracellular magnesium regulation. New probes such as magnesium green and magnesium orange display a high lifetime sensitivity to Mg 2+ that can be measured by phase angle and/or modulation. They can be excited with visible wavelengths that reduces autoflourescence. The apparent dissociation constants from phase and modulation measurements shows an apparent higher affinity for magnesium than from intensity measurements for MgG (also expected for MgO). However, a considerably lower affinity for Ca 2+ would be a definite advantage to avoid corrections. The apparent KD can be changed to some extent by selecting the modulation frequency, shown for MgG. The extension of apparent KD to a large range of ion concentrations can be obtained with probes that are lifetime and spectral (shift in absorption or emission) sensitive on ion binding. Magquin-2 is the only useful magnesium probe that can be used for very low and very high Mg z+ concentration measurements. The appropriate range of measurements can be obtained by selection of excitation wavelength. The possibility of selecting the apparent K• that will be close to the intracellular Mg 2+ concentration will allow us not only to increase the accuracy but also to determine small changes in Mg 2 § under different stimuli.
Currently, the measurements of intracellular magnesium concentration have been done in cell suspensions where only an averaged signal is recorded from a large number of cells. New opportunity for spatial magnesium imaging is a fluorescence lifetime imaging microscopy (FLIM). MgO with low and mag-quin-2 with a very wide range of apparent affinity to Mg 2+ can be successfully used for magnesium imaging using FLIM. By the analogy to Ca 2+, one can envisage that areas of localized high or low intracellular magnesium concentrations may exist.
